Syncytin-2 is encoded by the envelope gene of Endogenous Retrovirus-FRD (ERVFRD-1) and plays a critical role in fusion of placental trophoblasts leading to the formation of the multinucleated syncytiotrophoblast. Its expression is consequently regulated in a strict manner. In the present study, we have identified a forskolin-responsive region located between positions -300 to -150 in the Syncytin-2 promoter region. This 150 bp region in the context of a minimal promoter mediated an 80-fold induction of promoter activity following forskolin stimulation. EMSA analyses with competition experiments with nuclear extracts from forskolin-stimulated BeWo cells demonstrated that the -211 to -177 region specifically bound two forskolin-induced complexes, one of them containing a CRE/AP-1-like motif. Site-directed mutagenesis of the CRE/AP-1 binding site in the context of the Syncytin-2 promoter or a heterologous promoter showed that this motif was mostly essential for forskolin-induced promoter activity. Transfection experiments with dominant negative mutants and constitutively activated CREB expression vectors in addition to Chromatin Immunoprecipitation suggested that a CREB family member, CREB2 was binding and acting through the CRE/ AP-1 motif. We further demonstrated the binding of JunD to this same motif. Similar to forskolin and soluble cAMP, CREB2 and JunD overexpression induced Syncytin-2 promoter activity in a CRE/AP-1-dependent manner and Syncytin-2 expression. In addition, BeWo cell fusion was induced by both CREB2 and JunD overexpression, while being repressed following silencing of either gene. These results thereby demonstrate that induced expression of Syncytin-2 is highly dependent on the interaction of bZIP-containing transcription factors to a CRE/AP-1 motif and that this element is important for the regulation of Syncytin-2 expression, which results in the formation of the peripheral syncytiotrophoblast layer.
Introduction
During pregnancy, placental development involves the differentiation of placental trophoblasts into two different pathways, i.e the extravillous cytotrophoblast and the villous cytotrophoblast. Villous cytotrophoblasts possess the ability to fuse with adjacent cells and thereby lead to the formation of the peripheral multinucleated syncytiotrophoblast layer. This layer is essential for proper placental development and for the maintenance of normal pregnancy and fetus development. It is responsible for gas exchange between mother and fetus, feto-maternal immunotolerance, nutrient transport and hormone production [1] [2] [3] [4] . Failure of syncytiotrophoblast formation is associated with different complications, such as pre-eclampsia, one of the most important cause of maternal morbidity and mortality, preterm birth, perinatal death, and intrauterine growth restriction [5] . Maintenance of the syncytiotrophoblast structure relies on newly fused cytotrophoblasts, a process that is regulated by different transcription factors, growth factors, cytokines, protein kinases and fusogenic proteins such as former envelope (Env) glycoproteins of human Endogenous Retroviruses (ERVs) Syncytin-1 of ERVW-1 and Syncytin-2 of ERVFRD-1.
Human ERVs represent 8% of our genome and are the remnant of exogenous infection that has occurred many million years ago. The human placenta expresses a large number of retroviral elements and their role in the development of this organ seems essential for trophoblast differentiation and syncytiotrophoblast formation. One former Env gene, Syncytin-1 expressed from a deficient proviral DNA, known as ERVW-1, has maintained its fusogenic activity, and its role in trophoblast fusion has been confirmed in early studies [6] [7] [8] [9] [10] . The implication of Syncytin-1 in the normal development of the placenta is mediated by its interaction with its receptors ASCT1 (also known as SLC1A4) and mainly ASCT2 (SLC1A5) [8, 11] . Furthermore, Syncytin-1 expression is downregulated in placentas and primary cytotrophoblasts from patients with pre-eclampsia symptoms [12] [13] [14] [15] [16] [17] [18] [19] , while no such downregulation has been observed for ASCT2 [20] . A recent study has attributed reduced Syncytin-1 expression in pre-eclamptic placenta to hypermethylation of the promoter region [21] . GCM1 (Glial Cells Missing factor 1) is an essential transcription factor for the expression of Syncytin-1 and is dependent on MAPK14 (also known as p38) phosphorylation [22, 23] . Other transcription factors such as SP1, GATA2 and GATA3 were also found to significantly stimulate Syncytin-1 promoter activity [24] .
Syncytin-2 is expressed from ERV-1 FRD proviral DNA and has also been implicated in the development of the placenta [25] [26] [27] [28] [29] . Indeed, this ERV envelope protein induces fusion of primary cytotrophoblasts as well as choriocarcinoma-derived BeWo cells, which fuses after stimulation with forskolin [30] . Syncytin-2 interacts with a receptor identified as MFSD2a (Major Facilitator Superfamily Domain 2a), a potential member of the carbohydrate transporter family [31] and we have previously demonstrated that this receptor was indeed important for BeWo fusion [32] . Like Syncytin-1, Syncytin-2 is also upregulated following induced increase in cAMP levels in BeWo cells [30] . Furthermore, similarly to Syncytin-1, Syncytin-2 expression is downregulated in pre-eclamptic placentas and inversely correlate with symptom severity [13, 15, 18, 19] . Syncytin-2 is transcribed as a typical singly spliced env mRNA starting in the 5' LTR region and terminating in the 3' LTR. Transcripts initiate from a single transcription initiation site, which is located downstream of a putative TATA box [30] . One study has demonstrated that the GCM1 transcription factor could be one factor regulating Syncytin-2 as well as its cognate receptor MFSD2a [33] .
The implication and expression of GCM1 in BeWo cell fusion has been previously suggested to depend on several transcription factors, such as CREB [34] . This is of particular interest as CREB and CREB2 transcription factors have been associated to the regulation of several trophoblast genes [22, 34, 35] . CREB/ATF family is a large family of transcription factors with a basic-region leucine zipper that bind to a CRE-binding motif. CREB/ATF1 (chromosome 2q34) is very well characterized member and comparison to other members, such as ATF2 (chromosome 2q32), ATF3 (chromosome 9q13), and ATF4 (chromosome 22q13) revealed differences in their structure. CREB/ATF members can act as either homodimers or heterodimers, and are also capable of interacting with members of fos and jun families thereby affecting binding affinity toward different binding sites [36, 37] .
Although Syncytin-2 is known for its important role in trophoblast fusion, the mechanism supporting Syncytin-2 regulation remains poorly understood. In the present study, we have used the BeWo cell line model and primary villous cytotrophoblasts isolated from term placenta to study the regulation of Syncytin-2 expression at the promoter level. Our results have led to the identification a CRE/AP-1 motif, which is essential for forskolin-induced expression of Syncytin-2. We demonstrate that bZIP transcription factors, such as CREB2 (ATF4) and JunD interact with this region and transactivate promoter activity as well as BeWo cell fusion. Furthermore, mutations of this CRE/AP-1 motif dramatically decreased Syncytin-2 promoter activity. Our results are thus highlighting a novel element involved in the restricted regulation of Syncytin-2 expression.
Materials and Methods

Ethics statement
The UQAM ethic committee has approved the current research project, which is in accordance with the established guidelines of the ethic committee of St-Luc Hospital of the Centre Hospitalier Universitaire de Montréal (Montréal, Canada). All participating women have signed an informed consent form.
Cell culture
The BeWo choriocarcinoma cell line was obtained from the American Type Culture Collection (Manassas, CA) and maintained in Ham's F-12 medium supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, Oakville Canada) at 37°C in a 5% CO 2 atmosphere [38] . For culture of primary cytotrophoblasts, placentas (from 35 to 41 gestational weeks) were obtained after spontaneous vaginal delivery in accordance with the established guidelines of the ethic committee of St-Luc Hospital of the Centre Hospitalier Universitaire de Montréal (Montréal, Canada) and Université du Québec à Montréal (Montréal, Canada). All participating women had signed an informed consent form. For isolation of villous cytotrophoblasts, placental villi were first cut, thoroughly washed and digested in Hanks balanced salt solution containing trypsin (from 9.6 × 10 5 to 1.8 × 10 6 U) and DNase I (D5025, Sigma). Dispersed cells were layered on top of a discontinuous Percoll gradient and centrifuged at 507g. Intermediate layers containing cytotrophoblasts were collected and washed extensively. Cells were seeded at a density of 1.5 × 10 6 cells per well in Dulbecco modified eagle medium (high glucose) (Wisent), 2 mM glutamine, 10% FBS and penicillin/streptomycin/neomycin (Invitrogen Canada Inc., Burlington, Canada) and cultured for a maximum of 4 days. The purity of each cytotrophoblast preparation was evaluated by flow cytometry using FITC-conjugated monoclonal antibody against cytokeratin 7 (Millipore, Mississauga, Canada), a specific marker of trophoblasts. Experiments with primary cytotrophoblasts were conducted in triplicates with three different placenta donors.
Plasmids
pGL3/2600 was generated by PCR amplification of a 2600 bp region flanking the previously described transcription initiation site of the Syncytin-2 gene [30] using 293T genomic DNA and the following primers (5'-CACTAGGGAAGGTATCCGAGTC-3'; 5'-TGCAATGAGG-CAAAAGCTAA-3'). The amplified Syncytin-2 promoter region was confirmed by sequencing. A series of 5' deletion mutants of the Syncytin-2 promoter was also generated by PCR with a common reverse primer 5'-ATCCGAGTAACTGCACCATAAGCTT-3' and a series of forward primers (Table 1) . PCR-amplified fragments were digested with SacI and HindIII (sites present at the extremity of forward and reverse primers, respectively) and inserted into similarly digested pGL3Basic (Promega, Madison, WI). For pGL2-TATA-150, the-300/-150 bp region was amplified from pGL3/2600 using primers 5'-ATACCCGGGGCAACTTCCTGATAA-GATC-3' (forward) and 5'-GGAGGTACCTTTACTGAAGTTGTGCGCC-3' (reverse). DNA fragments were digested with SmaI and KpnI (sites present at the extremity of forward and reverse primers, respectively) and cloned into the previously described pGL2-TATA-HTLV-1 construct [39] after removal of the HTLV-1 promoter fragment by SmaI and KpnI. An empty control vector was generated after excision of the HTLV-1 fragment and self-ligation (pGL2-TATA). Expression vectors for constitutively activated CREB (CREB (Y/F)) and a CREB dominant negative (KCREB) along with their control empty vectors were provided by Dr. M. Montminy (Salk Institutes for Biological Sciences, La Jolla CA) and Dr. R.H. Goodman (Vollum Institute for Advanced Biochemical, Research, Portland, OR), respectively [40, 41] . Vector expressing CREB2 (pCIneo-CREB2) and the control empty vector, pCIneo as well as expression vectors for the various Jun family members were kindly provided by Dr. J.M. Mesnard (Université Montpellier 1, Montpellier, France) [42] . The pRc-Actin-lacZ vector contains the β-galactosidase gene under the control of the β-actin promoter.
Site directed mutagenesis
Mutations in the putative CRE/AP-1-like motif and GATA-binding site were generated in both pGL3/600 and pGL2-TATA-150 vectors by reverse PCR using High fidelity Phusion polymerase (New England Biolabs, Pickering, Canada) following manufacturer's instructions. Oligonucleotides used to generate these mutations by PCR amplification are indicated in Table 1 as M1, M5 and M6.
Transfection and measurement of luciferase activity
BeWo cells ( 2×10 5 ) were co-transfected with wild-type or deletion/mutated promoter constructs (vs. control vector) (200 ng) and pRc-Actin-LacZ (200 ng) with the FuGENE 6 
Preparation of nuclear extracts and EMSA
BeWo cells were either left untreated or treated with 50 μM forskolin for 15 min, while primary villous trophoblasts were cultured from 24 to 96 h. Nuclear proteins from BeWo cells of primary trophoblasts were next isolated using the NE-PER nuclear and cytoplasmic extraction reagents according to manufacturer's instructions (Thermo Fisher Scientific Inc., Rockford, IL) and electrophoretic mobility shift assay was then performed. Single stranded oligonucleotides (50 ng) were 5'-end-labeled using 1 U of T4 polynucleotide kinase and (γ-32 P) ATP at 37°C. Labeled oligonucleotides were then annealed with 200 ng of their corresponding complementary oligonucleotide. Nuclear extracts (10 μg) were incubated with 0.8 ng of labeled double stranded oligonucleotide at room temperature. The DNA-protein complex was then run on a 5% nondenaturating polyacrylamide gel in a 0.5X TBE buffer, which was then exposed on a Kodak XOmat film (Perkin Elmer, Rochester, NY). For competition experiments, a 100-fold molar excess of unlabeled oligonucleotides was added to the reaction mixture before incubation with labeled probes.
Chromatin Immunoprecipitation assays
BeWo cells (0.5×10 6 ) were either left untreated or treated with 50 μM forskolin for 15 min. Cells were trypsinized, washed with PBS 1X and resuspended in 500 μl PBS. Cross-linking and immunoprecipitation were conducted using 2 μg of polyclonal antibodies against CREB1, CREB2 or JunD (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) and the M-Fast Chromatin immunoprecipitation Kit according to manufacturer's instructions (ZmTech scientifique, Montreal, Canada). Anti-Histone 3 (H3) and rabbit anti-IgG were used as positive and negative controls, respectively. Immunoprecipitated chromatin was analyzed using primers specific for the Syncytin-2 promoter region (5'-ATACCCGGGGCAACTTCCTGATAAGATC-3' (forward) and 5'-GGAGGTACCTTTACTGAAGTTGTGCGCC-3' (reverse)).
RNA isolation and RT-PCR analyses
Total RNA was isolated from BeWo cells transfected with the CREB (Y/F) expression vector (vs. the control empty vector) (500 ng) and untreated (DMSO) vs. forskolin-treated BeWo cells at different time points using the Rneasy Plus mini Kit (Qiagen, Mississauga, Canada). Prior to RT, total RNA was treated with Turbo RNAse-Free DNAse (Ambion, Austin, TX) for 5 min at 70°C. RNA (1 μg) was then incubated in the presence of oligo(dT) (25 ng/μl), 10 mM DTT, 100 μM dNTP (deoxynucleotide triphosphate), SuperScript reverse transcriptase (10 U) (Invitrogen Canada Inc), and SUPERase-In (20 U) at 42°C for 50 min. Aliquots from the RT reactions were then PCR-amplified in the presence of 2 U Vent DNA polymerase (New England Biolabs, Pickering, Canada), 1× ThermoPol buffer, 100 μM dNTP, and 15 μM of each primer. PCR amplification was performed using Syncytin-2-specific primers 5'-CCTTCACTAG-CAGCCTACCG-3' (forward) and 5'-GCTGTCCCTGGTGTTTCAGT-3' (reverse); CREB2-specific primers 5'-GTGTCATCCAACGTGGTCAG-3' (forward) and 5'-CCAACAACAG-CAAGGAGGAT-3' (reverse); and JunD-specific primers 5'-GTGCCCAGGAACTCAGA-GAG-3' (forward) and 5'-CCAACGTTTGTTCCCGAGTA-3' (reverse). As a control, β-actin mRNA were similarly amplified using primers 5'-CGTGACATTAAGGAGAAGCTG-3' (forward) and 5'-CTCAGGAGGAGCAATGATCTT-3' (reverse). Densitometric analyses of band intensities for JunD and CREB2 signals were normalized with corresponding β-actin mRNA levels.
Western blot analyses
Cellular extracts (20 μg) were migrated in a 12% SDS-PAGE and transferred on a PVDF membrane (Millipore). Membranes were blocked with 5% powder milk and incubated with antiJunD (1 μg/ml), anti-CREB2 (1 μg/ml), anti-Syncytin-2 (1/7500) or anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (1/500) antibodies (Santa Cruz Biotechnology Inc., Dallas, TX). After several washes, membranes were further incubated with appropriate horseradish peroxidase (HRP)-conjugated goat anti-rabbit/mouse antibodies (1/10,000) (Cell Signalling, Danvers, MA), and signals were detected using the BM chemiluminescence blotting substrate (Roche Diagnostics). Membranes were scanned with the Fusion FX5 system (Montreal Biotech Inc., Dorval, Canada) and band intensities were determined and normalized with GAPDH with the Quantity One 4.5.0 image acquisition software.
Cell fusion assay
Cells were either stimulated or not with 50 μM forskolin or 150 μM SP-cAMP (vs. the inactive RP-cAMP control compound) or transfected with 500 ng pCIneo-CREB2, pcDNA3.1/JunD or their corresponding empty vectors. At 48 h post-stimulation or post-transfection, cells were fixed in chilled methanol for 20 min at room temperature and then incubated with PBS containing 2% FBS (v/v) for 30 min to eliminate nonspecific binding. Cells were rinsed with PBS and incubated in the presence of a mouse monoclonal anti-desmoplakin antibody (SigmaAldrich, Oakville, Canada, 1/700) in PBS containing 0.2% bovine serum albumin for 1½ h at room temperature, washed 3 times with PBS, and incubated with the Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin IgG (1/1000) for 1 h at room temperature. For nuclear staining, cells were incubated with propidium iodide (50 μg/mL) for an additional 30 min at room temperature, washed 3 times with PBS, and visualized with a confocal laser-scanning microscope (Bio-Rad MRC1024, Hercules, CA). A syncytium was defined as an agglomeration of 2 or more nuclei in the same cytoplasm without intervening surface desmosomal membrane staining. Cellular fusion index was determined as follows: five fields were counted per well and an average was calculated and expressed as the percentage number of nuclei in syncytia. In general, a total of 200 nuclei were counted per field and, thus, nearly 1000 nuclei were counted in each well. Three replicate wells were examined per experimental condition from which a final cellular fusion index (mean ± SEM) is presented and represents the final average of the 3 percentage values.
siRNA transfection 
Statistical analysis
All experiments were performed in triplicates. Results are expressed as the mean ± SEM and statistically analyzed using GraphPad prism 5 software with t-test for one group comparison and two-way ANOVA for two or more group analysis with Ã p< 0.05; ÃÃ p< 0.01 and ÃÃÃ p< 0.001 being considered significant.
Results
Identification of a forskolin-responsive region in the Syncytin-2 promoter
Forskolin treatment increases cAMP levels, thereby activating both protein kinase A and MAPK14 serine/threonine kinase activities and subsequent expression of the fusogenic genes, Syncytin-1 and Syncytin-2 in the BeWo choriocarcinoma cell line [22] . Former studies had suggested that a GCM1-binding site located at position-428 was important for the induction of the Syncytin-2 promoter [33] . To conduct a more elaborate analysis of the Syncytin-2 promoter, its region was cloned upstream of the luciferase reporter gene and a series of 5' deletion mutants was generated. Resulting constructs were transfected in BeWo cells, which were then treated with forskolin for 12 h. As shown in Fig. 1 , the pGL3/2600 construct showed a 4 fold induction following forskolin treatment. Progressive deletion from-450 to-300 decreased luciferase activity and thereby confirmed a role for the GCM1 transcription factor. However, deletion of the-300 to-150 nucleotide region (pGL3/300) presented a more dramatic reduction in promoter activity, which became comparable to luciferase activity corresponding to pGL3basic-transfected cells.
These results hence suggested that an important region was present in the Syncytin-2 promoter, which did not implicate the GCM1-binding site.
The-300 to-150 Syncytin-2 promoter region is forskolin-inducible in BeWo cells
To confirm the above results, further analyses were conducted on this-300/-150 region. First, an in silico analysis was performed to identify potential transcription factor-binding sites. The analysis revealed that the 150 bp region contained putative consensus elements, such as GATA1-binding sites as well as a CRE/AP-1-like motif ( Fig. 2A) . To further investigate whether the 150 bp fragment was forskolin-responsive on its own, the region was cloned upstream of a TATA box and the luciferase reporter gene and the resulting vector was transfected in BeWo or 293T cells. After forskolin stimulation, the 150 bp region indeed showed an important increase in luciferase activity (up to 80-fold) in BeWo cells, while no such induction was noted in cells transfected with the control vector (Fig. 2B) . In non-trophoblastic 293T cells, transactivation was modest (Fig. 2C) pointing to cell specificity for this induction. To identify specific protein interactions with this region, a series of probes covering the whole sequence located between positions-300 to-150 were generated and incubated with nuclear extracts from nontreated or forskolin-treated BeWo cells. A specific complex was identified with probe 5, only when incubated with nuclear extracts from forskolin-treated BeWo cells (Fig. 2D) . Interestingly, probe 5 contained the predicted CRE/AP-1-like motif.
These results indicated that the-300/-150 Syncytin-2 promoter region was strongly responsive to forskolin in BeWo cells and that it displayed binding to a complex in a segment harboring a CRE/AP-1-like motif and a GATA-binding site.
Binding of specific complexes to the CRE/AP-1 motif
In order to further analyze the complex binding to probe 5, EMSA experiments were performed with a probe further extended at its 5' end (termed WT) to favor possible binding to the CRE/AP-1 motif, while maintaining the GATA-like binding site (Fig. 3A) . Using this new probe, two specific DNA-protein complexes were identified and presented higher intensity in the presence of nuclear extracts from forskolin-treated BeWo cells vs. non-treated cells (Fig. 3A) . Addition of cold WT oligonucleotides revealed competition of both complexes, while no similar competition was observed with an unrelated cold oligonucleotide, confirming their specificity (Fig. 3A) . A time course experiment revealed that bound complexes were very transient and peaked at 15 minutes, as assessed by analyses of the EMSA results (Fig. 3B) . A series of oligonucleotides were next synthesized with mutations in the CRE/AP-1 motif as well as on either side of the motif (Fig. 3C) . Competition experiments with unlabeled M1, M2 and M3 oligonucleotides (mutated in the CRE/AP-1-like motif) led to disappearance of the lower complex only, thereby demonstrating the importance of these mutated sequences for the interaction of the upper complex with the motif (Fig. 3D) . Mutant M4, bearing modified nucleotides at the 5' extremity competed with both signals at comparable levels to the wild-type oligonucleotide. Oligonucleotides MA, MB and MC containing three modified nucleotides covering the expected CRE/AP-1 motif confirmed the above competition results (Fig. 3D) . Two other mutated oligonucleotides were also tested, M5 and M6, both bearing modified nucleotide 3' to the CRE/AP-1 motif (Fig. 3E) . When mutant M5 was added in cold excess to the labeled WT oligonucleotide and BeWo nuclear extracts, competition was affected for both complexes when compared to competition with the WT oligonucleotide. On the other hand, oligonucleotide M6 could only compete with the upper complex, suggesting that this other complex also interacted specifically with the WT probe but did not require the CRE/AP-1-like motif (Fig. 3E) . EMSA experiments were also conducted with nuclear extracts from primary cytotrophoblasts isolated at either day 1 or day 4. DNA-protein interaction was more significant at day 4 compared to day 1 (Fig. 3F ), a time point at which both Syncytin-2 expression and cell fusion are at their highest levels [30] .
These results thus suggested that the-300/-150 region harbored a CRE/AP-1-like motif with an adjacent GATA-like binding site potentially capable of forming two complexes with greater abundance in stimulated BeWo cells and primary cytotrophoblasts cultured for 96 hours.
The CRE/AP-1-like motif is critical for forskolin-induced Syncytin-2 promoter activity
As mutated M1, M5 and M6 oligonucleotides led to loss of either complexes or both complexes in the above EMSA experiments, we next assessed their impact in the context of the Syncytin-2 promoter. The M1 nucleotidic modification was first introduced in the 600bp promoter construct (pGL3/600M1), which was then transfected in BeWo cells. The M1 mutation significantly reduced forskolin-mediated increase in promoter activity (Fig. 4A) . However, this mutation did not alter the basal activity of the Syncytin-2 promoter construct. As our EMSA analyses suggested that a region next to the CRE/AP-1-like motif was also important for the binding of the other complex, we next evaluated if mutation affecting its binding could also alter promoter activity following stimulation of BeWo cells. Two mutants were thereby generated in the context of the 600 bp promoter construct: mutant M5 leading to a reduced affinity for both complexes and mutant M6 solely affecting the binding of the lower complex. When the pGL3/ 600M5 mutant construct was transfected in BeWo cells, reduced induction of promoter activity was noted, being reminiscent of the M1 mutant construct (Fig. 4B) . It should also be noted that basal activity was affected when both CRE/AP-1-like motif and GATA-binding site were mutated (mutant M5). As opposed to these results, the 600bp promoter construct modified at the sequence corresponding to the GATA-like binding site, i.e. the M6 mutation, did not present a significant difference in basal or forskolin-induced activity upon transfection of BeWo cells.
To corroborate the importance of the CRE/AP-1 motif in this induced promoter activity, the M1 mutation was also introduced into the 150 bp fragment positioned upstream to the TATA box and the luciferase reporter gene (pGL2-TATA-150). Mutation within the CRE/AP-1-like motif strongly hampered forskolin-induced luciferase activity in BeWo cells (Fig. 4C) . In these experiments, another cAMP-inducing agent, SP-cAMP, was tested in parallel and again revealed induction of luciferase activity, as opposed to the inactive molecule RP-cAMP. Furthermore, the M1 mutant also led to the loss of this induction in transfected BeWo cells. To further support reduced promoter activation by the M1 mutation in the CRE/AP-1 motif, constructs were transfected in primary cytotrophoblasts and assessed for luciferase activity at day 2 posttransfection. Reporter gene expression indicated that the wild-type inducible region showed increased promoter activity while the mutant version of the construct demonstrated lower activity indicating the importance of the CRE/AP-1 motif for Syncytin-2 expression in cultured primary villous cytotrophoblasts (Fig. 4D) .
As different transcription factors might bind to this CRE/AP-1 motif, we have concentrated our efforts in detecting interaction with JunD, CREB and CREB2. JunD was specifically chosen as it is the only Jun family member significantly expressed in human syncytiotrophoblast [43] , and CREB and CREB2 having been previously implicated in the regulation of trophoblast genes [22, 34, 35] were also included. We first analyzed the binding of these factors to the CRE/ AP-1 motif by supershift assays. Results were not conclusive (data not shown) and we thus switched to the more representative Chromatin immunoprecipitation approach (Fig. 4E ). Compared to non-specific IgG, we indeed demonstrate that an in vivo specific interaction occurred between CREB, CREB2 and JunD on the Syncytin-2 promoter region encompassing the CRE/AP-1-binding site and that this interaction seemed more important for CREB2 and JunD, especially in forskolin-stimulated conditions.
These results thereby provided evidence that the CRE/AP-1-like motif was indeed critical for cAMP-induced modulation of Syncytin-2 expression and that the adjacent GATA-like binding site was less importantly implicated. Results further suggested that the CRE/AP-1-like motif in the Syncytin-2 promoter bound CREB, CREB2 and JunD.
CREB/ATF family members are important for activation of the Syncytin-2 promoter and expression
Previous studies have indicated that CREB could act as homodimers or heterodimers, involving Jun family members [44] , which suggest that both factors could act as an heterodimer on the Syncytin-2 promoter. We first addressed the potential implication of CREB transcription factors in the modulation of Syncytin-2 promoter activity. We thus tested whether a general dominant-negative mutant of CREB (KCREB), capable of blocking several CREB family members by direct protein binding, could negatively impact the induction of the Syncytin-2 promoter following forskolin treatment. BeWo cells were hence transfected with the KCREB expression vector along with pGL3/2600. As expected, forskolin treatment augmented promoter activity, while the expression of KCREB completely inhibited its induced activity (Fig. 5A) . To further confirm the role of CREB family members in Syncytin-2 promoter activation, we next tested a constitutively active version of CREB, in which tyrosine 134 is mutated for a phenylalanine [41] . Upon expression in BeWo cells, promoter activity from the pGL3/600 construct was increased by 18 fold over the empty control vector (Fig. 5B) . This induction was notably reduced when BeWo cells were co-transfected with the KCREB expression vector. Furthermore, BeWo cells transfected with the constitutively activated CREB expression vector demonstrated a marked increase in Syncytin-2 mRNA level upon RT-PCR, analysis (Fig. 5C) .
We next addressed the involvement of CREB2 in the modulation of the Syncytin-2 promoter. This CREB member was chosen as it demonstrated higher affinity to the CRE/AP-1 site in comparison to CREB. BeWo cells were hence transfected with a CREB2 expression vector, and as expected, CREB2 expression increased the activity of the-600 to +51 promoter region (pGL3/600) (Fig. 5D) . Furthermore, when CREB2-induced promoter activity was compared between wild-type vs. M1 and M5-mutated constructs (pGL3/600M1 and pGL3/600M5), promoter activation was significantly reduced in mutant M1 and M5. Again, reduction in basal promoter activity was noticed, mostly in mutant M5, suggesting that the mutation in the CRE/ AP-1-like motif overlapping the potential GATA-binding site was affecting basal activity. Although this induction was further enhanced when cells were treated with forskolin, a more modest increase was noted when compared to forskolin-treated cells, which were not expressing CREB2 (Fig. 5E) . To determine if a forskolin-dependent increase in CREB2 expression paralleled induced Syncytin-2 expression, Western blot analyses was performed on BeWo cell extracts and indicated that forskolin induced endogenous CREB2 expression after 24 h of treatment, although no difference in CREB2 expression was observed at 48 h (Fig. 5F-G) . Surprisingly, no such differences between untreated and forskolin-treated cells were noted at the mRNA level (data not shown).
These results hence indicated that CREB2 is implicated in the positive modulation of Syncytin-2 promoter activity upon forskolin treatment.
JunD increases both Syncytin-2 promoter activity and expression
To assess the importance of JunD in the induction of Syncytin-2 promoter activity, cotransfection experiments were conducted with pGL3/600, pGL3/600M1 and pGL3/600M5 and expression vectors for various Jun family members (Fig. 6A) . Upon co-transfection of BeWo cells, Syncytin-2 promoter activity was most significantly induced when JunD was overexpressed, although c-Jun expression was also mediating near comparable induction of the promoter. Both tested promoter mutants showed a significantly lesser response toward JunD overexpression solely. A similar trend was observed for promoter activation in overexpression condition for both JunB and c-Jun, although mutants had a lesser effect over their transactivation potential on the Syncytin-2 promoter. When expression of all Jun members was tested in BeWo cells along with WT or M1-mutated pGL2-TATA-150 constructs, JunD, as compared to other Jun members, again maximally increased the activity of the 150 bp fragment of the promoter (Fig. 6B ). This induction was dramatically reduced in pGL2-TATA-150M1-transfected cells. Importantly, overexpression of JunD did not only increase Syncytin-2 promoter activity but also induced Syncytin-2 expression, as determined by Western blot analyses of transfected cells (Fig. 6C-D) . To specifically investigate the effect of forskolin on JunD expression, BeWo cells were stimulated with forskolin in a time-dependent manner and JunD transcript and protein levels were evaluated. At 6 h post-stimulation, JunD mRNA were significantly increased (Fig. 6E) . In addition, JunD protein levels were importantly induced at both 24 and 48 h of stimulation (Fig. 6F-G) .
These results showed that JunD is an important regulator of Syncytin-2 in BeWo cells and its induction capacity was mediated via the CRE/AP-1-like motif. Furthermore, forskolin treatment of BeWo cells led to an important increase in JunD expression levels.
CREB2 and JunD expression increases BeWo cell fusion
We next investigated whether CREB2 and JunD expression could induce BeWo cell fusion. BeWo cells were thus transfected with the CREB2 or JunD expression vectors (vs. transfected empty vectors) and then assessed for cell fusion (Fig. 7) . In these experiments, forskolin and SP-cAMP treatment were used as positive controls, while negative controls consisted of untreated and RP-cAMP-treated cells. Cell fusion was assessed by staining of membranes with anti-desmoplakin antibodies and nuclear staining with propidium iodide. As expected forskolin and SP-cAMP treatment led to cell fusion, while basal cell fusion was measured in untreated, RP-cAMP-treated and empty vector-transfected cells. Importantly, CREB2 and JunD expression markedly induced cell fusion.
These results hence strongly suggested that CREB2 and JunD mediated BeWo cell fusion through induced Syncytin-2 expression.
Knockdown of CREB2 and JunD expression reduces cell fusion and concomitant Syncytin-2 expression
To further confirm the significance of CREB2 and JunD expression on cell fusion, BeWo cells were transfected with siRNA specific for either CREB2 or JunD mRNAs vs. scrambled siRNAs, as a negative control. After stimulation with forskolin, cell fusion was measured. Fusion events were significantly reduced in BeWo cells when CREB2 or JunD expression was silenced (Fig. 8A-B) , while the control siRNA demonstrated little effect on cell fusion. Specific knockdown of CREB2 and JunD expression was confirmed by Western blot analyses of extracts derived from transfected cells and further indicated concomitant reduced Syncytin-2 protein levels ( Fig. 8C-D) .
These results hence confirmed that both CREB2 and JunD are important regulators of cell fusion and Syncytin-2 expression. (E-G) BeWo cells were stimulated or not with forskolin for 48 h from which RNA (E) and proteins (F-G) were subsequently isolated. RT-PCR analyses were conducted and amplified JunD cDNAs were quantified for each time point following normalization with amplified β-actin mRNA (E), For Western blot analyses, anti-JunD and anti-GAPDH antibodies were used and JunD protein levels normalized for GAPDH were calculated and compared (G) (*p< 0.05; **p< 0.01; ***p< 0.001).
doi:10.1371/journal.pone.0121468.g006
Discussion
The ability of villous cytotrophoblasts to fuse and form the syncytiotrophoblast layer is a critical step during the development of the placenta. Two fusogenic proteins, Syncytin-1 and Syncytin-2 embedded in ancient proviral ERVW-1 and ERVFRD-1, respectively have been identified to play a major role in trophoblast fusion [6] [7] [8] [9] [10] [25] [26] [27] [28] [29] [30] . The Syncytin-1 promoter has been well characterized and former studies have revealed that different transcription factors, including GATA2 and GATA3, are essential for the regulation of Syncytin-1 expression [24, 45, 46] . However, the placenta-specific transcription factor GCM1 and its targeted promoter region was demonstrated to be determinant in the regulation of Syncytin-1 expression and thereby fusion of trophoblasts [23, 47, 48] . Other studies have also shown that CpG methylation was important for the regulation of Syncytin-1 expression and varied in a stage-specific manner of pregnancy [49, 50] . On the other hand, little is known as to the regulation of basal levels or induced Syncytin-2 expression. The aim of the current study was thereby to characterize the Syncytin-2 promoter and to identify transcription factors involved in its regulation. We show that an important CRE/AP-1-like element located at position-203/-197 is involved in induced Syncytin-2 expression and that binding of CREB2 and JunD is likely mediating its modulatory potential.
In the present study, we have used the trophoblast-like choriocarcinoma BeWo cell line as a model for trophoblast fusion. Upon forskolin stimulation, BeWo cell fusion occurs with a concomitant increase in Syncytin-2 expression [29, 30] . The Syncytin-2 5' flanking region from position-2600 was thus cloned, progressively deleted and first tested in BeWo cells stimulated with forskolin. These analyses revealed the presence of a maximal forskolin-inducible region consisting of the first 450 bp within the 5'flanking region upstream of the previously identified transcription initiation site [30] . Our results confirmed that, in BeWo cells, Syncytin-2 promoter activity might also depend on GCM1 upon induction, as deletion of the-450/-300 region containing the predicted GCM1-binding site led to a reproducible, albeit partial loss of forskolin responsiveness. However, our results argued that a more important region located between position-300 and-150 was essential for forskolin-mediated promoter induction. Indeed, when the promoter region was deleted up to position-150, forskolin-induced promoter activity was completely abolished, which suggested the presence of important DNA-binding sites within the-300 to-150 bp region. Further evidence for its importance in the regulation of Syncytin-2 promoter activity in BeWo cells was provided by experiments using this fragment in the context of a minimal promoter (a TATA box). Our results also demonstrated that the 150 bp forskolin-responsive Syncytin-2 promoter region was poorly induced in the non-trophoblastic 293T cell line. This might be reminiscent of previous observations from Liang et al. (2010) , which have suggested that Syncytin-2 expression was strongly hampered by hypermethylation of the promoter region in non-trophoblastic cells such as MCF-7 and 293T [33] .
In subsequent analyses, we have identified an enhancer in the Syncytin-2 promoter region, which showed high responsiveness toward forskolin. Data from EMSA assays demonstrated the formation of two different complexes binding to sequences located between position-211 to-177 nucleotides containing a CRE/AP-1-like motif and a potential GATA-binding site. Each specific complex was shown to bind to either the CRE/AP-1-like motif or the potential GATA-binding site. Mutation of the CRE/AP-1-like motif specifically weakened binding of the upper complex. Mutating this motif in the context of the forskolin-responsive region (150 bp) or the 600 bp promoter region equally reduced their responsiveness toward forskolin. The M6 mutation, which specifically affected binding of the lower complex, also corresponded to modification of the presumed GATA-binding site. However, no effect was seen on basal induced or forskolin-induced promoter activity upon specific mutation of this region in the promoter. However, this GATA-binding site, which we presumed to interact with the lower complex, might nonetheless play a role in promoter activity in a different cell context. For example, GATA2 and GATA3 are transcription factors involved in Syncytin-1 gene regulation [24] and their mutual binding has been suggested to be important for regulation of the expression of trophoblast-specific genes [51] . It is possible that complexes bound to the CRE/AP-1-like motif could be competed by GATA binding factors, which could thereby contribute to an exclusive modulation of Syncytin-2 expression in different conditions. This possibility is in line with our EMSA results demonstrating that both factors bind at close proximity and in fact share certain nucleotides for proper binding, as judged by competition experiments with oligonucleotide M5. Furthermore, experiments with the M5 mutated promoter constructs suggest that this element could be involved in basal promoter activity. Further analyses are needed to address these issues and to clearly identify the cellular factor binding to this region of the Syncytin-2 promoter.
Given the drastic impact of the mutated CRE/AP-1 motif on Syncytin-2 promoter activity, we have thus focused on identifying proteins, which bound to this region. Based on ChIP experiments, our data suggest that CREB2 (ATF4) (and likely CREB) and JunD bound the CRE/ AP-1-like motif. This is also supported by overexpression studies in which both transcription factors positively modulated Syncytin-2 promoter activity in a CRE/AP-1-like motif-dependent manner. Furthermore, when constitutively active CREB was overexpressed in non-stimulated BeWo cells, Syncytin-2 mRNA levels was increased. It is known that CREB2 and other CREB family members can activate LTRs of different exogenous retroviruses such as HIV-1 [52, 53] and HTLV-1 [42, 54] . It is thus conceivable that members of this family of transcription factors are also involved in the modulation of promoters from ERVs such as the Syncytin-2-containing ERVFRD-1. However, although CREB/ATF family members are generally known to be induced by the cAMP-dependent PKA signaling pathway [55, 56] , CREB2 appears to lack a PKA phosphorylation site, although CREB2 phosphorylation has been nonetheless formerly described [57] . We have however observed that CREB2 levels slightly increases upon forskolin stimulation, which could in this case contribute to increased modulation of Syncytin-2 expression. More studies are needed to precisely determine its implication (or that of other CREB/ ATF family members) in the modulation of Syncytin-2 expression.
As a basic leucine zipper (bZIP)-containing transcription factor, CREB2/ATF4) either homodimerizes or heterodimerizes with other bZIP transcription factors, such as Jun family members, which typically bind to binding sites sharing a high similarity with CRE motifs [36, 37] . Our results indeed indicate that JunD could be part of the complex binding to the CRE/ AP-1-like motif. Testing of other Jun family members by transfection experiments revealed that other Jun family members were not as efficient in increasing Syncytin-2 promoter activity, although our results also pointed to possible involvement of c-Jun. However, since a previous study had revealed that JunD is the only Jun family member expressed in the syncytiotrophoblast [43] , we are more confident that JunD is the determinant member in the regulation of Syncytin-2 in BeWo cells and primary trophoblasts and in fact, we have observed an important increase in JunD protein levels upon forskolin treatment of BeWo cells. Our results also agree with our previous publication showing that Syncytin-2 expression increased significantly in primary cytotrophoblasts at day 3 and 4 of culture, when these cells fuse to form a syncytiotrophoblast-like layer [30] . On the other hand, in vivo studies have revealed that the Syncytin-2 protein is instead restricted to villous cytotrophoblasts [27] . No clear explanation can be provided over this discrepancy and more studies will be needed to address this issue.
Our results have further demonstrated that CREB2 and JunD overexpression in non-stimulated BeWo cells led to cell fusion. In contrast, repression of either gene in stimulated BeWo cells reduced cell fusion. Similarly to GCM1 [58] , CREB2 and JunD are thus additional transcription factors which, upon induced expression, results in BeWo cell fusion. Interestingly, it has been reported that CREB/ATF family members are also active players in the regulation of GCM1 expression [59] , thereby suggesting that forskolin induction of various CREB/ATF family members could be essential for inducing expression of different genes, such as Syncytin-2, mediating trophoblast fusion. Based on the above results, we propose a model illustrating the possible mechanism of regulation of Syncytin-2 expression by a CREB2/JunD heterodimer (Fig. 9) . As previous studies have identified pathways by which fusogenic genes can be modulated following forskolin stimulation, such as MAPK14 and PKA [22, 60] , we suggest that an initial increase in cAMP levels leads to activation of different serine/threonine kinases, which include PKA activation leading to MAPK14 phosphorylation. These kinases then phosphorylate CREB/ATF family members causing induced expression of several trophoblast-specific genes, including Syncytin-2. The activation of the Syncytin-2 promoter is also likely PKAindependent and might implicate an additional pathway, which would induce JunD expression with potential phosphorylation. The binding of CREB2/JunD heterodimers to the CRE/AP-1-like motif would subsequently lead to the binding of CBP or p300 and concomitant acetylation of histones. In this model, the binding of the presumed GATA factor might also contribute in the regulation of the Syncytin-2 promoter in a different context. Proposed model for CREB2/JunD-mediated activation of Syncytin-2 expression. Based on the experiments shown in this study, we propose that p38MAPK activation upon forskolin stimulation activates both CREB2 and JunD. These transcription factors bind to the CRE/AP-1 motif, possibly as an heterodimer. The specific binding of this complex to the Syncytin-2 promoter then recruits CBP/p300, which mediates histone acetylation and transcription. An unknown factor binds next to this region at a presumed GATAbinding site and might compete for binding, thereby acting negatively on CREB2/JunD-induced Syncytin-2 transcription. Possible alternatives for this model include the interaction of other CREB/ATF family members to the CRE/AP-1 motif.
doi:10.1371/journal.pone.0121468.g009
Conclusions
In summary, our findings provide important evidence for the implication of CREB and Jun transcription factors in cAMP-mediated induction of Syncytin-2 expression. More specifically, our results suggest that CREB2 and JunD form an heterodimer on a CRE/AP-1-like motif and strongly upregulate the expression of Syncytin-2 thereby leading to trophoblast fusion. The implication of a member of the Jun and CREB family in the modulation of Syncytin-2 expression may represent a convergence between various signaling cascades that may equally be important in regulation of the expression of other genes essential for placenta development.
